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PREFACE 

This  study  was  undertaken  to  continue  investigation  of  an  Air  Force 
research  problem.  This  problem  was  to  determine  threshold  stress 
intensity  factors  for  two  aluminum  alloys:  7175-T651  and  a new  powdered 
alloy,  Alcoa  MA-87. 

The  research  was  performed  in  the  materials  testing  laboratory.  Air 
Force  Institute  of  Technology,  Wright-Patterson  Air  Force  Base,  Ohio. 

I am  indebted  to  Or.  Oennis  Corbly  of  the  Air  Force  Materials  Laboratory 
for  his  assistance,  guidance  and  sponsorship.  I wish  to  thank  Dr.  Peter 
Torvik  for  the  direction  and  support  given  to  me  in  his  capacity  as  my 
thesis  advisor.  I would  also  like  to  thank  Dr.  Richard  E.  Johnson  for 
his  advice  on  performing  the  tests. 


Donald  R.  Holloway 
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ABSTRACT 


Threshold  stress  intensity  factors  were  obtained  for  two  aluminum 
alloys:  7175-T651  and  Alcoa  MA-87,  a powdered  alloy.  Crack  growth  tests 
were  conducted  at  room  temperature  on  a Sonntag  Universal  fatigue  testing 
machine.  Edge-cracked  bend  specimens  were  used  in  the  tests.  Crack 
length  was  checked  periodically  using  a Gaertner  cathetometer  coupled  with 
an  auxiliary  lens  placed  close  to  the  specimen.  Tests  were  performed  at 
stress  ratios  of  R = 0.1  and  R = 0.3.  It  was  found  that  7175-T651  had  a 
greater  fatigue  threshold  value  than  MA-87  v/hen  compared  at  the  same  stress 
ratio.  It  was  also  found  that  stress  ratio  had  an  effect  on  the  threshold 
stress  intensity  factors,  with  increasing  stress  ratio  resulting  in  a 
smaller  fatigue  threshold  value.  Recommendations  have  been  made  for 
further  experimentation  with  regard  to  threshold  stress  intensity  factors 

* 

of  powdered  aluminum  alloys. 
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DETERMINATION  OF  THRESHOLD  STRESS  INTENSITY  FACTORS  FOR 


71 75-T651  ALUMINUM  AND  ALCOA  MA-87  POWDERED  ALUMINUM  ALLOYS 


I.  INTRODUCTION 

Background 

Primary  aircraft  structural  components  generally  contain  flaws, 
defects,  or  anomalies  of  variable  shape,  orientation,  and  criticality, 
which  are  either  inherent  in  the  basic  material  or  are  introduced  during 
the  manufacturing  and  assembly  processes.  A large  portion  of  service 
cracks  found  in  aircraft  structures  are  initiated  from  tool  marks,  manu- 
facturing defects  and  the  like  (Ref  5). 

In  the  past,  the  desire  for  more  efficient  aircraft  structures  has 
resulted  in  the  selection  and  use  of  high  strength  alloys  in  primary 
members  with  little  regard  for  the  general  decrease  in  fracture  toughness 
associated  with  increased  yield  strength.  The  advantages  of  the  higher 
yield  strength,  such  as  is  available  in  certain  steel,  aluminum,  and 
titanium  alloys,  are  offset  by  a significant  reduction  in  ductility,  a 
factor  that  tends  to  enhance  the  possibility  of  failure  by  unstable 
fracture. 

To  date  most  experimental  fatigue  crack  growth  rate  information 
has  been  obtained  at  growth  rates  of  10"7  inch/cycle  and  above  which  is 
suitable  for  a great  many  structural  engineering  applications.  However, 
for  structural  components  subjected  to  cyclic  loading  on  the  order  of 
1010  to  1012 cycles,  investigation  is  warranted  for  the  exploration  of 
fatigue  crack  propagation  growth  rate  behavior  at  or  below  10“7 inch/cycle 
because  of  the  many  small  loads  at  small  stress  intensities  (Ref  4:126). 


Consideration  of  fatigue  crack  propagation  is  essential  in  the 
damage-tolerant  approach  to  fatigue  design.  An  empirical  approach  to 
crack  propagation  can  be  obtained  by  the  application  of  fracture  mechan- 
ics concepts  to  this  subject.  The  most  important  aspect  of  the  use  of 
fracture  mechanics  is  the  single-valued  correlation  in  the  linear- 
elastic  range  between  the  stress  intensity  factor,  K,  and  the  rate  of 
fatigue  crack  growth,  da/dN,  where  "a"  is  the  crack  length  and  "N"  is 
the  number  of  cycles.  K is  the  linear  elastic  fracture  mechanics 
parameter  that  relates  load,  crack  length,  and  structural  geometry  and 
is  called  the  stress  intensity  factor  because  its  magnitude  determines 
the  magnitude  of  the  stress  field  in  the  crack  tip  region.  Fatigue 
crack  growth  rate  expressed  as  a function  of  crack-tip  stress  intensity 
range  characterizes  a materials  resistance  to  stable  crack  extension 
under  cyclic  loading. 

The  characteristic  dependence  of  rate  of  fatigue  crack  growth  on 
the  stress  intensity  factor  is  indicated  in  Figure  1.  There  are  two 
asymptotic  limits  to  the  curve.  The  upper  limit  is  set  by  the  fracture 
toughness  of  the  material,  Kc.  The  lower  limit  is  referred  to  as  the 
threshold  for  crack  growth,  AKy^-  A practical  threshold  may  be  described 
as  that  Ak  below  which  fatigue  crack  growth  rates  become  diminishingly 
small  (Ref  11:142). 

Many  structural  components  have  a higher  probability  for  containing 
crack-like  defects  before  going  into  service  as  in  the  case  of  welded 
joints.  Some  of  these  parts  may  have  to  be  designed  for  durability 
throughout  the  service  life  time.  In  the  absence  of  defects,  this  would 
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entail  designing  at  stresses  based  on  the  10s  cycle  life  of  the  nominal 
stress  versus  elapsed  cycles  curve  (S-N  curve),  but  in  the  presence  of 
defects  the  approach  is  to  insure  that  the  stress  intensity  associated 
with  defects  is  kept  below  the  threshold  level  for  crack  growth  (Ref  9: 
11). 

In  fracture  mechanics  large  quantities  of  slow  crack  growth  data 
under  various  combinations  of  cyclic  and  sustained  loading  are  obtained 
and  analyzed  in  terms  of  the  crack  tip  stress  intensity  factor.  An 
expression  for  the  stress  intensity  factor  for  the  single  edge-cracked 
bend  specimen  (Ref  1)  is 


K = 


YM 

B(W  - a)  3/z 


(1) 


where 

K = stress  intensity  factor 
Y = dimensionless  proportionality  factor 
M = moment 

B = specimen  thickness 
W = specimen  depth 
and  a = crack  length 

Equation  (1)  is  based  on  results  obtained  from  a boundary  collocation 
analysis  of  the  test  specimen.  The  boundary  collocation  method  was  ap- 
plied to  the  geometry  and  loading  condition  corresponding  to  a single 
edge-cracked  specimen  subjected  to  pure  bending  (4  point  loading).  The 
boundary  collocation  was  carried  out  on  the  Williams  stress  function 
(Ref  14:109-114)  and  its  normal  derivative.  In  Figure  2 the  points 
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which  represent  stress  intensities  calculated  for  a number  of  specific 
crack  lengths  between  a/W  =0.3  and  0.8  are  shown.  Each  point  repre- 
sents a stable  value  over  a wide  range  of  collocation  point  numbers.  The 
points  shown  are  in  excellent  agreement  with  results  previously  pre- 
sented (Ref.  3)  over  a smaller  range  of  a/W. 

In  the  limit  the  curve  in  Figure  2 must  asymptotically  approach  a 
finite  nonzero  limit  as  a/W  approaches  1.0.  A limiting  value  of  3.99  is 
reached  for  values  of  a/W  greater  than  0.6.  (Ref.  15:169-170). 

Problem  Definition 

The  purpose  of  this  thesis  was  to  obtain  crack  growth  rate 
data  and  threshold  stress  intensity  factors  for  two  types  of  aluminum 
alloys:  7175-T651  aluminum  and  Alcoa  MA-87  powdered  aluminum.  The 
scope  of  this  study  was  limited  to  the  experimental  determination  of 
threshold  stress  intensity  factors  utilizing  a fatigue  crack  growth 
method  for  the  edge-cracked  bend  specimen. 
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Two  types  of  aluminum  alloys  were  used  in  this  study:  7175-T651 
wrought  aluminum  and  a triple  upset  and  rolled  powdered  aluminum  alloy, 
Alcoa  MA-87. 

Chemical  compositions  of  the  two  aluminum  types  are  listed  in 
Table  I.  Mechanical  properties  are  listed  in  Table  II.  Heat  treatment 
and  aging  processes  are  listed  in  Tables  III  and  IV. 


TABLE  I 

Chemical  Composition  (Weight  Percent)  of  7175-T651  and  MA-87  Aluminum  Alloys 


71 75-T651* 

MA-87** 

Element 

Specification 

Limits 

Materials 

Used 

Specification 

Limits 

Materials 

Used 

A1 uminum 

Balance 

Balance 

Balance 

Balance 

Zinc 

5.1  - 6.1 

5.6 

6.94  - 7.10 

6.94 

Magnesium 

2.1  - 2.9 

2.5 

2.63  - 2.71 

2.67 

Copper 

1.2  - 2.0 

1.6 

1.64  - 1.67 

1.64 

Chromi urn 

0.18  - 0.30 

0.25 

0 

0 

Iron 

0.20  max 

0.20 

0.6  max 

0.6 

Silicon 

0.15  max 

0.15 

0.05  max 

0.05 

Manganese 

0.30  max 

0.10 

0 

0 

Titanium 

0.20  max 

0.10 

0 

0 

Cobalt 

0 

0 

0.49  max 

0.49 

Others 

0.15  max 

0.15 

0 

0 

*Ref.  2: 

**Ref . 7: 
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TABLE  II 

Mechanical  Properties  of  7175-T651  and  MA-87  Aluminum  Alloys 


71 75-T651* 

MA-87** 

Category 

L-T  Specimen 

T-L  Specimen 

T-L  Specimen 

Yield  Strength 
(0.2%  Offset) 

68.8  KSI 

60.5  KSI 

70.0  KSI 

Ultimate  Strength 

87.5  KSI 

85.1  KSI 

80.0  KSI 

Elongation 

15.2% 

13.1% 

7.0% 

*Ref . 2:16 
**Ref . 7 

TABLE  III 

Heat  Treatment  and  Aging  Process  of  7175-T651  Aluminum  Alloy 

(Ref.  2:23) 

Semi -continuously  cast  4 in.  thick  ingots 

Stress  relieved  overnight  at  440°F 

Scalped  to  3.375  in.  thickness 

Held  1-2  hrs.  at  860-870°F 

Homogenized  for  15  hrs.  at  920°F 

Cooled  to  800-775°F 

Rolled  to  1.75  in.  thickness 

Reheated  and  rolled  to  0.625  in.  thickness 

Solution  heat  treated  0.5  hrs.  at  880°F,  1.5  hrs.  at  920°F 

Quenched  in  ice  water 
Stretched  1.5% 

Aged  for  24  hrs.  at  250°F 
Air  cooled 


TABLE  IV 


Heat  Treatment  and  Aging  Process  of  MA-87  Aluminum  Alloy 

(Ref.  10:21) 


Solution  heat  treated 

2 hrs.  at  910°F 

Quenched  in  cold  water 

To  room  temperature 

Naturally  aged 

5 days  at  room  temperature 

Artifically  aged 

24  hrs.  at  250°F 

Overaged 

4 hrs.  at  325°F 

Air  cooled 

To  room  temperature 

* V 


III.  EXPERIMENTAL  PROCEDURE 


Threshold  values  of  stress  intensity  factors  were  obtained  for 
7175-T651  and  Alcoa  MA-87  aluminum  alloys  using  a crack  growth  procedure 
used  by  Johnson  (Ref.  8).  Cracks  were  periodically  measured  using 
Gaertner  cathetometers  in  conjunction  with  auxiliary  lenses  that  were 
placed  close  to  the  specimen.  Tests  were  conducted  at  minimum  stress  to 
maximum  stress  ratios  (R  ratios)  of  0.1  and  0.3. 
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Test  Apparatus 

Tests  were  conducted  on  a Sonntag  Universal  fatigue  testing  machine. 
The  function  of  the  Sonntag  testing  machine  was  to  apply  a vertical 
vibratory  force  to  a specimen  mounting  fixture  attached  between  a heavy 
stationary  frame  and  a reciprocating  platen  (Figure  3).  The  force  to 
the  specimen  could  have  any  static  component  from  zero  to  100  pounds,  and 
any  alternating  component  from  zero  to  ± 100  pounds. 

The  vibratory  force  was  produced  by  an  unbalanced  rotating  mass 
supported  between  two  bearings  in  a cage-like  vertical  frame,  the  top 
of  which  formed  the  reciprocating  platen.  The  rotating  mass  was  driven 
by  a synchronous  motor  so  that  the  speed  was  maintained  constant  at 
1800  revolutions  per  minute  (RPM). 

The  vertical  component  of  the  centrifugal  force  was  the  only  com- 
ponent transmitted  to  the  specimen.  The  horizontal  component  was 
absorbed  by  horizontal  pivot  rods  which  guided  the  reciprocating 
assembly  in  the  vertical  direction.  Two  horizontal  tension  springs  kept 
the  reciprocating  assembly  in  position  against  the  pivot  rods  (Ref.  12:1). 
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Specimen  Configuration 

Edge-cracked  bend  specimens  (Figure  4)  were  used  for  all  tests. 

The  length  of  each  specimen  was  nominally  five  inches.  Depth  and  thick- 
ness were  nominally  0.4  inch.  The  initial  notch  depth  was  nominally 
0.1  inch. 

Specimen  Preparation 

All  but  one  of  the  7175  specimens  were  machined  so  that  the  crack 
growth  would  be  perpendicular  to  the  rolling  direction  (i.e.  L-T,  longi- 
tudinal-transverse) (Figure  5).  One  7175  specimen  was  machined  so  that 
the  crack  growth  would  be  parallel  to  the  rolling  direction  (i.e.  T-L, 
transverse-longitudinal)  (Figure  6).  All  MA-87  specimens  were  machined 
in  the  T-L  direction. 

Each  specimen  was  polished  in  the  following  manner  to  make  the 
crack  tip  more  visible:  320  grit  paper  was  used  first,  then  the  angle 
of  the  specimen  was  changed  90  degrees  and  400  grit  paper  was  used,  the 
angle  was  changed  90  degrees  again  and  500  grit  paper  was  used,  then  15 
micron  diamond  paste  was  used  in  a circular  motion,  and  finally  six 
micron  diamond  past  was  used  in  a circular  motion. 

Testing 

Continuous  data  on  load,  number  of  cycles,  and  crack  length  was 
maintained  throughout  testing.  Static  and  alternating  loads  were  reduced 
at  various  intervals  based  on  plots  of  average  crack  length  versus  AP, 
where  AP  = Pmax  - Pmi-n,  and  average  crack  length  versus  number  of  cycles. 
pmax  was  ^e  maximum  load  and  Pm^n  was  the  minimum  load  to  the  specimen 
produced  by  a combination  of  the  alternating  load  (created  by  a rotating 
mass)  and  the  static  load.  A step  shedding  of  load  was  employed  with  the 
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reduction  in  AP  to  the  adjacent  load  step  not  exceeding  20  percent  for 
the  first  two  steps,  thereafter,  a reduction  rate  of  10  percent  was  used 
(Figure  7).  The  step  shedding  method  was  used  to  asymptotically  approach 
the  threshold  stress  intensity  by  reducing  the  load  to  the  specimen, 
thereby  reducing  stress  intensity  as  the  crack  became  longer. 

Crack  Measurement 

Crack  lengths  on  both  sides  of  the  specimen  were  periodically  meas- 
ured to  determine  crack  growth  rate.  Crack  lengths  were  determined  visu- 
ally by  use  of  Gaertner  cathetometers  and  auxiliary  lenses  that  were 
placed  close  to  the  specimen  (Figure  8 and  9).  All  measurements  were 
made  with  a static  load  on  the  specimen  which  enabled  the  crack  to  remain 
open  and  the  crack  tip  to  be  clearly  defined.  A parallex  in  the  Gaertner 
cathetometer  could  have  produced  errors  of  plus  or  minus  0.002  inch  in 
the  crack  length,  however,  care  was  taken  to  ensure  that  all  crack  measure- 
ments were  taken  with  the  eye  at  the  same  level.  Mylar  tape  with  0.005 
inch  divisions  was  attached  to  both  sides  of  the  specimen  as  reference 
marks  for  crack  measurement.  A high  intensity  lamp  was  used  to  highlight 
the  crack  tip.  The  combination  of  the  cathetometer,  auxiliary  lens,  mylar 
tape,  and  constant  eye  position  enabled  accurate  crack  tip  measurement  to 
within  plus  or  minus  0.002  inch. 

Laboratory  environmental  conditions  were  room  temperature  (60°  to 
86°F  over  the  test  period)  and  relative  humidity  greater  than  40  percent 
and  less  than  70  percent,  both  of  which  were  recorded  at  intervals  during 
testing.  Relative  humidity  was  determined  by  the  use  of  a wet-and-dry 
bulb  sling  psychrometer. 
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Post-test  Measurement 


Upon  crack  arrest  and  test  completion  (no  change  in  crack  length 
for  10  million  cycles)  the  specimens  were  broken  in  half  and  the  crack 
front  was  photographed  (e.g.  Figures  10  and  11).  Five  measurements  were 
taken  across  the  crack  front  at  one-quarter  intervals,  including  the  two 
end  points,  in  order  to  account  for  crack  front  curvature  in  the  calcu- 
lation of  AK.  This  curvature  was  assumed  to  be  constant  for  plotting 
crack  growth  rate,  Aa/AN,  versus  stress  intensity  factor  range,  AK. 
Table  V shows  the  comparison  of  visual  measurements  taken  during  the 
tests  and  post-test  measurements  taken  from  photographs  of  the  crack 
front. 


Data  Reduction 

The  rate  of  fatigue  crack  growth  was  determined  from  the  average 
crack  length  versus  elapsed  cycles  (aavg  vs.  N)  data  by  means  of  the 
secant  method.  The  secant  method  or  point-to-point  technique  involved 
calculating  the  slope  of  the  straight  line  connecting  two  adjacent  data 
points  on  the  aavg  vs.  N curve.  In  equation  form  the  secant  method 
can  be  expressed  as 


rfcl  ^1  + 1 *“  di' 

dN s N---  H'f  (Ref.  13:A1)  (2) 

Stress  intensity  factors  at  various  moments  and  crack  lengths  were 
determined  using  the  formula 


AK 


YAM 

B(W  - a )34 


(3) 
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TABLE  V 

Comparison  of  Visual  and  Post-Test  Crack  Measurements 


Measurement 


Specimen 

Visual 

Photograph 

Visual 

Photograph 

if  1 

0.097 

0.101 

0.110 

0.111 

# 6 

0.114 

0.118 

0.049 

0.047 

# 7 

0.063 

0.069 

0.077 

0.078 

if  8 

0.066 

0.068 

0.087 

0.086 

if  9 

0.096 

0.099 

0.127 

0.127 

#10 

0.074 

0.081 

0.108 

0.111 

#13 

0.064 

0.063 

0.041 

0.039 

#15 

0.126 

0.129 

0.121 

0.121 

#16 

0.139 

0.139 

0.091 

0.097 

IV.  RESULTS  AND  DISCUSSION 


Threshold  stress  intensity  factors  were  determined  experimentally 
for  edge-cracked  bend  specimens  by  the  crack  growth  method  on  the  Sonntag 
Universal  testing  machine.  Tests  were  conducted  at  stress  ratios 
(R  = pmin/pmax)  R = 0-1  and  R = 0.3.  Crack  lengths  were  measured 
visually  on  both  sides  of  the  specimen  using  Gaertner  cathetometers 
coupled  with  auxiliary  lenses  placed  close  to  the  specimen. 

Static  and  cyclic  loads  were  reduced  at  various  intervals  (with  R 
held  constant)  based  on  plots  of  average  crack  length,  aavg>  versus  AP, 
where  AP  = Pmax  - Pmi-n  (Figure 7 ),  and  average  crack  length  versus  num- 
ber of  cycles  (Figure  12).  Upon  crack  arrest  and  test  completion  (no 
change  in  crack  length  for  10  million  cycles),  specimens  were  broken  in 
half  and  the  crack  front  was  photographed.  Five  measurements  were  taken 
across  the  crack  front  at  one-quarter  intervals,  including  the  two  end 
points  to  calculate  AK,  to  develop  the  plot  of  crack  growth  rate,  Aa/AN, 
versus  stress  intensity  factor  range,  AK  (Figure  13). 

Table  VI  compares  the  results  of  the  nine  completed  tests.  A com- 
parison of  the  two  aluminum  alloys  shows  that  7175-T651  had  a greater 
fatigue  threshold  at  the  same  stress  ratio  than  the  powdered  MA-87. 

Table  VI  also  shows  the  one  71 75-T651  transverse-longitudinal  specimen 
which  was  tested  had  a slightly  lower  fatigue  threshold  value  than  did 
the  three  7175-T651  longitudinal-transverse  specimens. 

A plot  of  threshold  stress  intensity  values  versus  stress  ratio 
(AKy^  vs.  R)  shows  that  stress  ratio  had  an  effect  on  the  threshold 
values  of  AK  with  increasing  stress  ratio  resulting  in  a smaller 
fatigue  threshold  (Figure  14). 


22 


Threshold  Stress  Intensity  Factors  Versus  Stress  Ratio 


A * 


V.  CONCLUSIONS  AND  RECOMMENDATIONS 

Concl usions 

An  experimental  study  to  determine  the  threshold  stress  intensity 
factors  for  two  aluminum  alloys:  7175-T651  and  a new  powdered  alloy, 
Alcoa  MA-87,  resulted  in  the  following  conclusions. 

1.  A comparison  of  the  two  aluminum  alloys  showed  7175-T651 
to  have  a greater  fatigue  threshold,  AK-j-^,  at  the  same 
stress  ratio,  R,  than  Alcoa  MA-87. 

2.  Stress  ratio  was  found  to  have  an  effect  on  the  fatigue 
threshold  with  increasing  R resulting  in  a smaller 
AKj^j  value. 

3.  The  crack  growth  test  method  employed  by  Johnson  was 
found  to  be  a suitable  means  for  obtaining  threshold 
stress  intensity  factors  for  the  two  aluminum  alloys. 

Visual  measurements  of  the  arrested  crack  tip  taken 
during  tests  agreed  well  with  measurements  taken  from 
photographs  of  the  crack  front  after  the  specimen  was 
broken. 

Recommendations 

It  is  recommended  that: 

1.  Further  threshold  tests  be  performed  on  powdered 
aluminum  alloys  at  various  stress  ratios,  R. 

2.  Further  threshold  tests  be  performed  on  powdered 
aluminum  alloys  fabricated  from  various  forgings  (i.e. 
triple  upset  and  draw). 
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Supplementary  Data 

Figures  15  through  38  are  the  individual  crack  growth  tests.  For 
each  specimen  average  crack  length,  aavg,  is  plotted  versus  AP, 

AP  = Pmax  ” Pmin’  an<*  num*3er  cycles,  N.  Also  crack  growth  rate, 
Aa/AN,  versus  stress  intensity  factor  range,  AK,  is  plotted  for  each 
specimen. 
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- Pmin)  for  Specimen  #8  (7175-T651  L-T, 


of  Cycles  for  Specime 


Figure  23.  Fatigue  Crack  Growth  Rate  Versus  Stress  Intensity  Fac 
for  Specimen  #8  (7175-T651  L-T,  R = 0.1) 
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Pm1n)  for  Specimen  #9  (7175-T651  L-T, 


AK  (KSI  /TFT) 


Figure  26.  Fatigue  Crack  Growth  Rate  Versus  Stress  Intensity  Factor  Range 
for  Specimen  #9  (71 75-T651  L-T,  R = 0.3) 


jn)  for  Specimen  #10  (7175-T651  L-T, 


Cycles  for  Specimen 


r of  Cycles  for  Specimen  #13  (MA-87  T-L, 


Figure  35.  Fatigue  Crack  Growth  Rate  Versus  S 
for  Specimen  #15  (MA-87  T-L 
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'max  - Pmln)  for  Specimen  #16(MA-87  T-L, 


Figure  37.  Average  Crack  Length  Versus  Number  of  Cycles  for  Specimen  #16  (MA-87  T-L, 
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